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Two-photon-pumped dye lasers are very important because of their applications in wave- 
length up-conversion, optical data storage, biological imaging and photodynamic therapy. 
Such lasers are very difficult to realize in the solid state because of the aggregation-caused 
quenching. Here we demonstrate a new two-photon-pumped micro-laser by encapsulating 
the cationic pyridinium hemicyanine dye into an anionic metal-organic framework (MOF). 
The resultant MOFz>dye composite exhibits significant two-photon fluorescence because of 
the large absorption cross-section and the encapsulation-enhanced luminescent efficiency of 
the dye. Furthermore, the well-faceted MOF crystal serves as a natural Fabry-Perot resonance 
cavity, leading to lasing around 640 nm when pumped with a 1064-nm pulse laser. This 
strategy not only combines the crystalline benefit of MOFs and luminescent behaviour of 
organic dyes but also creates a new synergistic two-photon-pumped lasing functionality, 
opening a new avenue for the future creation of solid-state photonic materials and devices. 



1 State Key Laboratory of Silicon Materials, Department of Materials Science and Engineering, Cyrus Tang Center for Sensor Materials and Applications, 
Zhejiang University, Hangzhou 310027, China. 2 Department of Chemistry, University of Texas at San Antonio, San Antonio, Texas 78249-0698, USA. 
"These authors contributed equally to this work. Correspondence and requests for materials should be addressed to B.C (email: banglin.chen@utsa.edu) 
or to G.Q. (email: gdqian@zju.edu.cn). 



NATURE COMMUNICATIONS | 4:2719 | DOI: 10.1038/ncomms3719 | www.nature.com/naturecommunications 

© 2013 Macmillan Publishers Limited. All rights reserved. 



1 



ARTICLE 



NATURE COMMUNICATIONS | DPI: 10.1038/ncomms3719 



Metal- organic frameworks (MOFs) have been rapidly 
developed as a new type of multifunctional luminescent 
materials 1-13 . Such organic-inorganic hybrid lumine- 
scence, which can take advantage of both traditional inorganic 
and organic photoluminescent materials, can provide unique 
luminescent properties and thus lead to some novel functional 
materials. In fact, the luminescent properties of MOF materials 
can not only be generated from the metal ions/clusters and 
organic linkers (two basic components for MOFs) but can also be 
tuned by guest molecules/ions and the interplay/interactions 
among these different components. Rapid progress in this area 
over the past several years has led to some potentially useful 
luminescent MOF materials as chemical sensors and light- 
emitting devices 14-22 . 

Two -photon -excited fluorescence and two-photon-pumped 
(TPP) lasing are very important because of their diverse 
applications in optical data storage, optical limiting, biological 
imaging and photodynamic therapy 23-27 . Unlike conventional 
single-photon emission, TPP fluorescence and lasing can be 
pumped at a much longer excitation wavelength up to the red or 
near-infrared spectral region. This lower energy excitation 
requirement enables the implementation of semiconductor 
diode lasers as pump sources to significantly enhance the 
photostability of materials. More importantly, TPP lasing does 
not require stringent phase -matching, which is superior to second 
harmonic generation (SHG) -based frequency up -conversion. 
Although TPP lasing behaviours have been demonstrated in 
some organic dyes such as rhodamine 6 G, rhodamine B, DCM 
and pyridinium hemicyanine, they can only be realized in dilute 
solutions 23,28-31 . The aggregation -caused quenching, particularly 
in the solid state, has seriously limited the development of solid- 
state TPP up-conversion lasers 31 . 

Serving as host matrices, MOFs offer a unique platform to 
stabilize and confine functional species, leading to specific 
behaviour inside the defined pore environments. In fact, through 
the introduction of a variety of metal ions, quantum dots, 
nanoparticles and fluorescent dyes into their pore spaces, a 
variety of MOF composites have been realized as novel functional 
materials for gas storage and optical devices 32-37 . Immobilization 
of organic dyes into the pore spaces of MOFs can minimize 
aggregation -caused quenching. Thus, MOFz> organic dye 
composites should be a very promising means of realizing 
two-photon-excited up-conversion luminescence and TPP 
dye lasers. 

Herein, we report the first TPP micro-laser based on a MOF zd 
organic dye composite in which the cationic pyridinium 
hemicyanine dye 4- [p- (dimethylamino)styryl] - 1 -methylpyridi- 
nium (DMASM) with a large two-photon absorption (TP A) 
cross-section was encapsulated within an anionic MOF, 
bio-MOF-1 (Zn 8 (Ad) 4 (BPDC) 6 0»2Me 2 NH 2 , Ad = adeninate; 
BPDC = biphenyldicarboxylate) 38 . The bio-MOF-1 zd DMASM 
composite exhibits significant two-photon-excited fluorescence, 
with the well-faceted MOF crystal serving as a natural laser 
resonance cavity, leading to remarkable TPP red lasing when 
excited with a 1,064-nm near-infrared pulse laser. 

Results 

Synthesis and characterization. Micrometer- sized single crystals 
of bio-MOF-1 were synthesized via a solvothermal reaction of 
zinc acetate dihydrate, biphenyldicarboxylic acid and adenine as 
described in the literature 38 . Bio-MOF-1 is a crystalline porous 
material exhibiting two types of one-dimensional (ID) channels 
along the c axis of about 7x7 and 10x10 A 2 , respectively (Fig. 1, 
Supplementary Figs SI and S2). The channels are occupied by 
Me 2 NH 2 cations, which allows the introduction of the cationic 
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dye DMASM via an ion-exchange process through a process 
similar to that described in our previous work 37 . The content of 
DMASM dye inside the pores can be systematically controlled by 
making use of different concentrations of dye solution from 0.34 
to 10.92 mM. It should be pointed out that bio-MOF-1 
significantly enriches DMASM cations into the pores from the 
solution (Supplementary Fig. S3), attributed to the energetically 
favourable interactions between the dye molecules and the MOF 
scaffold 39 . Owing to the strong electrostatic interactions between 
cationic dyes and the anionic framework within bio-MOF- 
1^> DMASM, 0.8mmolcm -3 DMASM cations can be loaded 
into the pores, indicating that most Me 2 NH 2 cations in the as- 
synthesized bio-MOF-1 have been replaced by DMASM cations 
in bio-MOF-1 id DMASM. 

The crystals of as- synthesized bio-MOF-1 exhibit blue 
emission derived from the BPDC linkers under ultraviolet light 
excitation of 365 nm (Supplementary Figs S4-S7). As the 
DMASM cations are gradually incorporated into the pore matrix, 
the resulting bio-MOF-1 zd DMASM composites display new 
luminescence emission profiles in the orange to red region 
(Fig. 2). Such colour changes are mainly because of the 
combination of emissions attributed to bio-MOF-1 (blue at 
410 nm) and dye DMASM (red in the range of 610-640 nm), and 
the energy transfer from MOF to dye. As the dye concentration 
gradually increases, the red emission is enhanced while the blue 
one is gradually quenched, leading to intermediate colours of 
light magenta, orange and finally red. Furthermore, the energy 
transfer from bio-MOF-1 to the dye (as shown in Supplementary 
Fig. S7a, there are spectral overlap between the absorption of dye 
DMASM and the emission of bio-MOF-1, therefore the energy 
transfer from bio-MOF-1 to the dye occurs), particularly at high 
concentrations of the dye, leads to the dominant colour of the dye 
as red eventually. This unique feature enables in situ visualization 
of the entry of DMASM molecules into the pores of bio-MOF-1 
by fluorescence microscopy. 

Figure 3 shows the fluorescence microscopy images of a 
bio-MOF-1 crystal immersed in DMASMI solution for different 
periods of time. The end regions of the rod-like crystal 
generate bright- red emission first, and then the red luminescent 
regions gradually extend along the longitudinal direction of the 
crystal. The emission on the external faces may be attributed to 
the adsorption of trace amount of DMASM cations on the 
surface, given the fact that the fluorescence microscopy images 
were recorded on the bio-MOF-1 in DMASMI solution. 
Finally, the entire MOF crystal displays strong red emission after 
the as -synthesized bio-MOF-1 is immersed in DMASMI 
solution for 6h. This implies that the ion-exchange process 
occurs through the diffusion of DMASM cations along the ID 
channel pores of bio-MOF-1. Such diffusion behaviour was 
further rationalized by the simulated morphology of bio-MOF-1 
using the Bravais-Friedel-Donnay-Harker method. The simu- 
lated results (Supplementary Fig. S8) indicate that the c axis 
direction of bio-MOF-1 corresponds to the longitudinal direction 
of the rod-like crystal. Apparently, only the ID channel pores 
along the c axis allow the DMASM molecules to line up and 
diffuse into the framework because of the large size of the 
DMASM molecules. The uniform distribution of DMASM 
cations in the bio-MOF-1 zd DMASM crystals was confirmed 
using confocal laser scanning microscopy in both depth scan and 
lambda scan modes. As shown in Supplementary Figs S9, S10, the 
bio-MOF-1 zd DMASM crystals have a uniform fluorescence 
profile at different depths. Furthermore, lambda scanning 
using confocal microscopy shows that three different regions in 
the crystal exhibit similar emission spectra, indicating that 
the DMASM dyes are indeed uniformly distributed throughout 
bio-MOF-1^ DMASM. 
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Figure 1 | Enscapulation of pyridinium hemicyanine cationic dye DMASM into bio-MOF-1. 





Figure 3 | Fluorescence microscopic images of bio-MOF-1 in DMASMI solution. Immersing time: (a) 1 min, (b) 16min, (c) 2h and (d) 6h. 



Enhanced fluorescence in bio-MOF-1 zd DMASM. To establish 
the confinement effect, the emission profile of a 1.0xlO -5 M 
DMASMI solution in DMF, a DMASMI powder and bio-MOF-1 
zd DMASM with a dye content of 1.2% were examined. As shown 
in Fig. 4, the DMASMI solution and DMASMI powder display 
very weak emission at 620 and 636 nm, respectively, whereas 
the DMASM-included bio-MOF-1 zd DMASM exhibits a much 
stronger emission at 610 nm. Such a significant emission 
enhancement is attributed to the pore confinement of DMASMI 
molecules within bio-MOF-1, which was further confirmed by 



the large difference in fluorescence quantum efficiency of bio- 
MOF-1 zd DMASM versus both DMASMI solution and powder. 
The dye DMASMI exhibits a fluorescence quantum efficiency of 
0.45 and 1.48% in DMF solution and solid powder, respectively; 
however, bio-MOF-1 zd DMASM exhibits a much higher 
efficiency of 25.87%. We speculate that the cationic DMASM dye 
molecules confined in the pores of bio-MOF-1 have restricted 
intramolecular torsional motion and restrained n-n interactions, 
which significantly diminish the aggregation-caused quenching 
effect observed in both DMASMI solution and powder 40- . 
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As the MOF contains a large amount of highly conjugated 
organic linkers, we speculate that there also exists n-n 
interactions between dye molecules and the MOF organic 
linkers, although no direct evidence can be established. Unlike 
the 7i-7i interactions within the dye molecules, the n-n 
interactions between the dye molecules and MOF organic 
linkers will enhance the quantum yield of observed emission. 
Under linear polarization excitation, the bio-MOF-1 z> DM ASM 
crystal displays clear anisotropic emission. As shown in 
Supplementary Figs Sll and SI 2, the stronger emission was 
observed under the perpendicular polarized excitation (6 = 90°), 
which means that the DMASM molecules are aligned 
preferentially and perpendicularly to the longitudinal direction 
of the MOF crystal. Such directional alignment of the DMASM 
molecules within the MOF channels is attributed to 
intermolecular interactions, particularly n-n interactions, 
between DMASM molecules and the conjugated organic linkers. 
In addition, SHG measurements indicate that, although both bio- 
MOF-1 and DMASMI powder do not exhibit any SHG response, 
bio-MOF-1 zd DMASM displays moderate SHG intensity that is 
0.41 times that of oc-quartz (Supplementary Fig. SI 3). The SHG 
response of bio-MOF-1 zd DMASM further indicates that the dye 
DMASM molecules are aligned and oriented in the channels of 
bio-MOF-1 (ref. 37). 

TPP fluorescence and lasing. The large TPA cross-section of 
DMASMI dyes of about 10 4 GM (GM = 10" 50 cm 4 s photon ~ 1 
per molecule) and the significantly enhanced luminescent 
efficiency enables the bio-MOF-1 zd DMASM to be an excellent 
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Figure 4 | Emission spectra of DMASMI and bio-MOF-1 id DMASM 
excited at 340 nm. 



two-photon-excited up-conversion emitter 28 . Figure 5a shows the 
single-photon- and two-photon-excited emission spectra of bio- 
MOF-1^ DMASM with a dye content of 28%. The bio-MOF-1 
zd DMASM shows a strong emission peaked at 637 nm under an 
excitation wavelength of 532 nm, whereas the emission peak is 
red-shifted by 15nm when excited at 1,064 nm, accompanied by 
the narrowing of the full-width at half-maximum from 50 to 
33 nm. The emission peak of bio-MOF-1 zd DMASM from 
excitation at 532 nm exhibits a 27 nm red-shift compared with 
the sample shown in Fig. 4, which we attribute to reabsorption 
effects and/or dye aggregation at higher concentrations 43 
(Supplementary Figs S14 and S15). In addition, the further red 
shift of 15 nm under 1,064 nm excitation can also be ascribed to 
the reabsorption effect 23 ' 29 . The emission intensity under 
1,064 nm excitation shows a quadratic dependence on the 
pump energy (Supplementary Fig. SI 6), indicating that a two- 
photon- excited process does occur. 

In order to generate TPP lasing, an isolated single crystal of 
bio-MOF-1 zd DMASM was placed under a microscope and 
pumped using a pulse Nd:YAG laser at 1,064 nm at room 
temperature. The resulting lasing output beam from the crystal 
was focused and collected using a high -resolution fibre optic 
spectrometer (Supplementary Fig. SI 7). The bio-MOF-1 zd 
DMASM crystal exhibits a strong red light spot of about 50 Jim 
in diameter when focusing near infrared light of 1,064 nm to 
excite the middle part of the crystal. Figure 5b shows the lasing 
spectra of a bio-MOF-1 zd DMASM crystal under different pump 
powers. Under a low pump energy of 0.113mJ, the emission 
spectra is dominated by a very weak and broad spontaneous 
emission. As the pump power increases to 0.172 mJ, a highly 
structured emission spectrum centred at 640 nm is apparent. The 
emission intensities are further enhanced when the pump energy 
is increased to 0.209 mJ. The inset of Fig. 5b illustrates the pump 
energy dependence of the fluorescence intensity, displaying 
clearly an energy threshold of about 0.148 mJ. The presence of 
a threshold energy coupled with the rapid increase in intensity 
with quadratic pump energy suggests that the TPP -stimulated 
emission has occurred in the bio-MOF-1 zd DMASM crystal. 
Compared with the emission peaked at 650 nm under 
two-photon excitation, the TPP lasing exhibits a 10-nm blue- 
shift. The possible reason for such a lasing emission at the lower 
wavelength is not very clear. Several examples have been reported 
in the literature. We speculate that the mechanism in the present 
case is similar to one rationalized previously: the amplified 
spontaneous emission is predominantly emitted before spectral 
relaxation of the excited states within the inhomogeneous 
broadened density of states takes place 44 ' 45 . 
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Figure 5 | Two-photon-pumped fluorescence and lasing of bio-MOF-1 id DMASM. (a) Single-photon- and two-photon-excited emission spectra of 

bio-MOF-1 zd DMASM; (b) two-photon-pumped lasing spectra of bio-MOF-1 zd DMASM under different pumped pulse energy. Inset: microscopy image 
of a bio-MOF-1 zd DMASM single crystal excited at 1,064 nm (left) and power dependence profile of the fluorescence intensity (right). 
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Discussion 

Generally, laser emission cannot happen without appropriate 
resonator cavity feedback. Several feedback mechanisms includ- 
ing random resonant effect, Fabry-Perot cavity resonance, 
distributed feedback and whispering gallery modes have been 
developed to account for lasing . In the bio-MOF-1 3 
DMASM crystal, the top and bottom facets of a rectangular 
MOF crystal can act as the mirrors of a Fabry-Perot cavity, thus 
efficiently reflecting the stimulated emission to provide the 
necessary feedback for lasing action. On the other hand, the sharp 
peaks in the PL spectra above the pump threshold also imply that 
the laser emission can be attributed to a Fabry-Perot cavity 
mechanism. In order to understand the relationship between the 
resonance modes and the size of the MOF microcavity, the lasing 
spectra of three bio-MOF-1 z> DMASM single crystals with 
thicknesses of 30, 50 and 85 jim were measured, respectively. 
As shown in Fig. 6, the laser emission presents an increasing 
number of resonance modes with increasing thickness of the 
MOF crystal. For a Fabry-Perot mechanism, the difference in 
peak position AX (mode spacing) is given by 



AX 



X 2 



IrirrL 



(i) 



where L is the cavity length, corresponding to the thickness of 
MOF crystal, X is the light wavelength and n g is the group 
refractive index 53 . The measured mode spacing, A^, at 
i = 640nm demonstrates clearly a linear relationship with 1/L 
(Supplementary Fig. SI 8), which agrees well with equation 1. This 
confirms that the opposing top and bottom faces of the MOF 
crystals indeed function as two reflectors of a Fabry-Perot cavity 
and provide strong self-cavity optical confinement and optical 
feedback. The formation of natural cavities in MOFs suggests a 
simple chemical approach to achieve a micro -laser without 
etching and coating. The Q factor, which is an important 
parameter to describe laser cavities, is estimated to be about 1,500 
according to the definition 



Q 



f 
A/ 



(2) 



where / is the resonant frequency and Af is the full-width at 
half-maximum of the resonant frequency, respectively 46 . The 



high Q factor may be attributed to the desirable TPP emission 
efficiency of bio-MOF-1 z> DMASM and the high crystal quality 
and photostability (Supplementary Fig. SI 9) that alleviates optical 
loss because of scattering. 

In conclusion, we have demonstrated a new TPP micro-laser 
based on dye-encapsulated MOF material, bio-MOF-1 z> 
DMASM. The high luminescent efficiency is attributed to the 
pore confinement of the porous anionic framework and the large 
TPA cross-section of the DMASMI dye. These features enable 
the bio-MOF-1 z> DMASM to generate significant two-photon- 
excited fluorescence and stimulated emission under excitation 
with an Nd:YAG laser at 1,064 nm. More importantly, the pair 
top and bottom faces of the bio-MOF-1 u DMASM crystal act as 
reflectors to constitute a high-quality (Q^l,500) Fabry-Perot 
cavity, leading to TPP lasing around 640 nm when pumped under 
a 1,064-nm pulse laser with a threshold of 0.148 mj. These results 
open a new perspective for design of highly efficient TPP micro - 
lasers for integrated photonic circuits. As this TPP micro-laser 
can be further miniaturized through the nanoscale processing of 
MOFs, the dye/MOF composite strategy, which combines the 
porous and crystalline benefits of MOF matrices with the 
luminescent behaviour of organic dyes, will enable us to rationally 
incorporate multiple target chromophores within the MOF 
matrix to develop new photonic materials and devices in the 
near future. 



Methods 

Synthesis of bio-MOF-1. The synthesis method of bio-MOF-1 was carried out 
according to a literature method with minor modifications 38 . To a solution of 
adenine (0.25 mmol) and 4,4'-biphenyl dicarboxylic acid (H 2 BPDC) (0.375 mmol) 
in DMF (70 ml), was added drop wise a solution of zinc acetate dihydrate 
(0.15 mmol) in water (4 ml). A white precipitate formed was dissolved after the 
addition of nitric acid (0.25 ml), and the resultant solution was heated at 130 °C for 
24 h to afford transparent rod-like crystals. Crystals of regular morphology were 
collected by filtration, washed with DMF and dried in air. 



Synthesis of pyridinium hemicyanine dye DMASMI. 4-Picoline (9.30 g, 
0.10 mol) was dissolved in tetrahydrofuran (200 ml) and stirred vigorously while 
methyl iodide (56.70 g, 0.40 mmol, 24.9 ml) was added dropwise. The resultant 
mixture was refluxed for 6 h. After THF and methyl iodide were removed, brown 
needle-like crystals of 1,4-dimethylpyridinium iodide were obtained and used for 
the following reaction without further purification 54 . 

To a solution of 4-(AT, AT-dimethylamino)benzaldehyde (14.95 g, 100 mmol) and 
1,4-dimethylpyridinium iodide (23.10 g, 98 mmol) in ethanol (250 ml) was added 
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piperidine (2.00 ml). The yellow solution was refluxed for 1 day and then cooled to 
room temperature. The resultant precipitate was collected and recrystallized from 
methanol to yield red needle-like crystals of DMASM iodide (DMASMI, 25.90 g, 
72%). Mp: 262 °C. l H NMR (DMSO-d 6 , 5 p.p.m.) 8.67 (d, /=6Hz, 2 H), 8.04 (d, 
/ = 6 Hz, 2 H), 7.90 (d,/ = 16Hz, 1 H), 7.59 (d, 7=8.5 Hz, 2 H), 7.17 (d, /= 16 Hz, 
1 H), 6.78 (d, 7= 8.5 Hz, 2 H), 4.17 (s, 3 H), 3.02 (s, 6 H). Calcd. for C 16 H 19 IN 2 
(366.24): C, 52.47; H, 5.23; N, 7.65. Found: C, 52.49; H, 5.28; N, 7.54. (see 
Supplementary Fig. S20). 



Synthesis of bio-MOF-1 3 DMASM. Crystals of bio-MOF-1 were immersed in a 
solution of DMASMI in DMF with varying concentrations from 0.34 to 10.92 mM 
at ambient temperature for 4 days to yield a series of bio-MOF-1 z> DMASM MOF/ 
dye composites with different DMASM cation content. The products were washed 
thoroughly with DMF four times and EtOH twice to remove residual DMASMI on 
the surface of bio-MOF-1 and dried at 60 °C for 4h. 



Measurements. Fluorescence microscopic images were taken on an Olympus IX 
71 inverted fluorescence microscope using a U-MWU2 filter unit (transmittance 
centre is around 340 nm). An Ideaoptics PG2000 fibre optic spectrometer was used 
to record the microscopic spectra of crystals immersed in DMASMI solution. 
Confocal laser scanning images were taken on an Olympus FV 1000 laser scanning 
confocal microscope equipped with an Olympus IX 81 inverted microscope. A New 
Wave Q-switched Nd:YAG laser (1,064 nm, pulse duration about 3-5 ns, 10 Hz) 
was used as the two-photon excitation and pumping source. Diffuse reflective two- 
photon fluorescence excited by a 1-mm-diameter laser spot was recorded using a 
high-resolution fibre optic spectrometer (Ideaoptics FX4000). The lasing spectral 
measurement setup is shown in Supplementary Fig. SI 7. The incident laser was 
partially focused on crystals through an objective lens ( x 20, numerical 
aperture = 0.40) with an exposure region of radius around 25 um and a pulse 
energy in the range 0.05-0.40 mj. The excited red light was focused and collected 
by the fibre optic spectrometer. 

Excitation and emission spectra of DMASMI powder, solution in DMF and 
bio-MOF-1 z> DMASM were taken in a Hitachi F-4600 spectrometer. As the 
excitation filter of the fluorescent microscope has a transmittance centred around 
340 nm, whereas both bio-MOF-1 and bio-MOF-1 zd DMASM exhibit good 
excitation efficiency in the range of 330-380 nm, especially, bio-MOF-1, which 
exhibits a maximum excitation wavelength at 365 nm (Supplementary Fig. S7), the 
emission spectra in our measurements were recorded at excitation wavelengths of 
340 or 365 nm. Quantum yield measurements were performed using the absolute 
method on a FLS920 from Edinburgh Instruments equipped with a BaS0 4 -coated 
integrating sphere 55 , a 450 W Xe900 Xenon lamp and a R928P PMT detector. The 
samples bio-MOF-1 z> DMASM and DMASMI solution (1.0 x 10 _5 M) were 
measured at an excitation wavelength of 468 nm (Supplementary Fig. S21). A 
142-mm (inner) -diameter integrating sphere equipped with a cuvette holder and 
mounts for solid samples and two access ports for the light path was fitted in place 
of the standard sample holder to collect the excitation and emission light. The 
absolute quantum yields were calculated by comparing the integral of emission and 
the absorption of excitation light, with a sensitivity correction for the detector. 



Determination of dye contents. Well-dried dye-included crystals of bio-MOF- 
1 zd DMASM ( ~ 10 mg) were soaked in a saturated LiCl/DMF solution to exchange 
cations with Li + to yield free dye cations in solution. The concentration and mass 
of DMASM in solution (m DMASM ) were determined using ultraviolet-vis spec- 
troscopy. Assuming the number of replaced cations is n, the chemical formula for 
dried dye-included compound is Zn 8 (C 5 H4N5)4(Ci4H 8 04) 6 0(Ci 6 H 19 N 2 )2 
„(C 16 H 19 N 2 ) m whose molecular weight is 2,516.78 + 46.09(2 - n) + 239.34rc. In this 
compound, the mass content of dye cations is expressed as 242.23rc/[2,516.78 + 
46.09(2 - n) + 239.34rc] = m DMA s M /Wbio-MOF-i => dmasm = R> where R is the 
mass fraction of cationic dye in the bio-MOF-1 zd DMASM composite, 
determined through the above procedure. In the case of completely dye-exchanged 
bio-MOF-1 zd DMASM composite, £ = 0.1598, and thus the value of n can be 
derived as n = 2,608.96 £/(239.34-193.25 R), (#<0.1598). 

The dye concentration of the bio-MOF-1 zd DMASM composite is calculated 
from c=nZ/N A V, where 2 = 4, V= 16339.1 A 3 from crystallographic data 38 and 
JV A = 6.02 x 10 23 mol _1 is Avogadro's constant. 
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